We report on magneto-transport measurements on low-density, large-area monolayer epitaxial graphene devices grown on SiC. We observe temperature (T)-independent crossing points in the longitudinal resistivity ρxx, which are signatures of the insulator-quantum Hall (I-QH) transition, in all three devices. Upon converting the raw data into longitudinal and Hall conductivities σxx and σxy, in the most disordered device, we observed T-driven flow diagram approximated by the semi-circle law as well as the T-independent point in σxy near e 2 /h. We discuss our experimental results in the context of the evolution of the zero-energy Landau level at low magnetic fields B. We also compare the observed strongly insulating behaviour with metallic behaviour and the absence of the I-QH transition in graphene on SiO2 prepared by mechanical exfoliation.
Introduction
When a strong magnetic field B is applied perpendicular to the plane of monolayer graphene, [1] [2] [3] Landau quantization results in a series of Landau levels whose energies are given by 4 , 2 ) sgn(
where N , h , e , F v are an integer, reduced Planck constant, electronic charge and Fermi velocity, respectively. According to Eq. (1), the energy of the N = 0 Landau level (LL) is always zero and thus is independent of B . Such a zeroth LL, which is shared equally by electrons and holes with degeneracy of four, is unique in graphene and has no counterparts in any semiconductor-based two-dimensional (2D) systems. It is worth mentioning that graphene on SiO2 can form electron hole puddles 5 due to interactions between graphene and its substrate. Such an effect can greatly modify the electronic properties of graphene. Therefore the B-independent zero-energy LL (Eq.
(1)) should be considered as the theoretical limit of non-interacting, ideal graphene system.
Although in most cases, transport in graphene on SiO2 prepared by mechanical exfoliation shows metallic behaviour or a very weak T dependence, 1, 2 insulating behaviour in the sense that the resistivity decreases with increasing T can appear in suspended graphene on SiO2, 6 and in graphene on hexagonal boron nitride (h-BN) when sublattice symmetry is broken. 7 It is also known that h-BN can substantially increase the mobility of graphene device and the induced sublattice symmetry breaking allows the observation of Zeeman spin degeneracy lifting of the LLs in the presence of a magnetic field. 8, 9 Interestingly, recent experiments show very low conductivity near the charge neutrality point for monolayer graphene on boron nitride with a suspended top gate 7 and for monolayer epitaxial graphene (EG) with a point-like constriction caused by bilayer patches. 7 Such important results on monolayer graphene suggest further studies are required and may be related to the possible splitting of the zeroth LL (ref. 11) at low B. Moreover, insulating behaviour and a temperature-independent point in the measured resistivity are observed in a disordered monolayer EG device. 12 Here, we address the two aforementioned fundamental issues: the fate of the zero-energy LL at low fields and the insulating behaviour in disordered graphene. In the most disordered EG device, we observe a well-defined T-independent point in the measured Hall conductivity σxy and the appearance of a semicircle relation in the T-driven flow diagram. 13 Such results are in sharp contrast to the theoretical understanding of the zero-energy LL which is believed to be B-independent. Moreover, our data provide a thorough understanding of the low-field insulator-quantum Hall (I-QH) transition in disordered EG as well as the metallic-like behaviour in graphene on SiO2.
Experimental section
Our EG devices were fabricated utilizing a clean lithography process 14 that leaves the surface free of resist residues. After the fabrication process, doping occurs due to or initiated by chemical etching of the protective layer and exposure to air. We have engineered the carrier density as low as n ≈ 10 15 m -2 . Here, the exposed Si atoms in the SiC(0001) lattice form partial covalent bonds to carbon atoms in the lower graphene layer (buffer layer), and only the top layer is conducting. Si-C covalent bonds and defects such as interfacial dangling bonds affect the electrical environment of the graphene sheet and graphene-substrate coupling may break its sublattice symmetry. 15 Low carrier density is known to reduce the screening of Coulomb potential fluctuations, and therefore enhances the SiC substrate effect on the conducting graphene sheet.
Large-area EG devices are suitable for studies of QH transitions and insulating behaviour since the long-range effects of increasing disorder may be hidden by local or size-dependent phenomena for small samples. 16 Moreover, in EG grown on SiC, 17, 18 EF can be pinned to the localized states 19 such that the ν = 2 QH plateau extends from a low field (~ 1 T) to exceptionally high values (30 T), 20 making EG an ideal system for studying an isolated low-field QH transition, although no such high-field transition has been reported. A possible reason for this is the reservoir model responsible for the long ν = 2 QH plateau 19 so that one does not observe the high-field insulating state. Measurements on large-area (0.6 mm × 0.1 mm) devices were made in a perpendicular magnetic field up to 9 T in a variable-temperature cryostat using standard low-frequency lock-in techniques.
Results and discussion
Figure 1a-c show the atomic force microscope (AFM) images taken on the three samples (EG1, EG2 and EG3) which were studied in this work. Although both samples were grown at the same temperature of 1900 o C, the surface roughness of EG1 appears to be lower than that of EG2. As will be shown later, although the surface roughness of EG3 is slightly lower than that of EG2, the resistivity of EG3 device is higher than that of EG2 (and that of EG1). One possible reason is that the growth temperature of EG3 (1800 o C) is lower than those of EG1 and EG2, rendering EG3 the most disordered among the three devices which will be described later.
The longitudinal and Hall resistivities (ρxx and ρxy) for EG1, EG2, and EG3 at various T are plotted in Figs. 2a-c. The low-T resistivity of EG1 is nearly two times lower than that of EG2. However, the mobility of EG1 is lower than that of EG2. Therefore it is not possible to tell whether the level of disorder in EG1 or in EG2 is higher.
Nevertheless, since both the mobility and zero-field conductivity of EG3 is the lowest among the three devices, we believe that EG3 is the most disordered sample. We can immediately see the T-independent points in ρxx at crossing fields Bc in all three samples. For B < Bc, the device behaves as an insulator in the sense that ρxx decreases with increasing T. 21 For B > Bc, the device shows QH-like behaviour and ρxx increases with increasing T. [21] [22] [23] [24] Our results show characteristics of the insulator to ν = 2 QH transition observed in disordered 2D systems. [20] [21] [22] Like other disordered 2D systems, localization and interaction effects are observed in our devices (see Supporting Information).
To further study the observed I-QH transition, 12 we plot σxx and σxy for EG1, For EG3, the T-independent crossing point in ρxx occurs at the filling factor νc =nh/(eBc) of 0.6, which is in agreement with the recently reported value for the high-field levitation of the zeroth Landau band. 35 However for EG1 and EG2, it corresponds to νc = 16 and νc = 7, respectively, which is much higher than that for It was shown that graphene-substrate-induced sublattice symmetry breaking coupled with charge disorder in epitaxial graphene layer can substantially modify the transport properties of graphene. 37 We note that in graphene on h-BN, strongly insulating behaviour solely due to graphene-substrate related sublattice symmetry breaking is observed. 6 The unique B-dependent carrier density in epitaxial graphene grown on SiC, which can be ascribed to the reservoir model, has a pronounced effect on the QH transition. We would like to point out that though such an effect is solely responsible for the extremely long ν = 2 quantum Hall plateau, it should not significantly affect the low-field I-QH transition observed in our devices. The reason for this is that a good crossing point requires fixed carrier density in the system as previously observed in conventional semiconductor-based systems in which the carrier density is B-independent. [21] [22] [23] Moreover, in all the theoretical studies on the I-QH transition, the carrier density is assumed to be constant, independent of both temperature and magnetic field. al. 12 as well as in our devices.
Conclusions
In conclusion, we have reported magneto-transport measurements on low-density monolayer EG with various amount of disorder. T-independent crossing points are observed in all three samples. We have found that the observed T-independent point in ρxx survives after subtraction of the electron-electron interaction corrections (see Supporting Information), demonstrating that such crossing points are related to magnetic-field-induced delocalization/localization transitions. T-independent points in σxy can emerge, corresponding to the unstable points under renormalization in the scaling theory of the QH effect. Our results therefore suggest that σxy, rather than ρxx, is the more important physical quantity in the study of quantum Hall transitions. Most importantly, in the most disordered device, we have observed T-driven flow lines approximated by the semi-circle law. Such results are in line with the fact that the zeroth LL is levitated for B < Bc and can explain the insulating behaviour in our EG .
In the future, we plan to work on a gated EG device in order to tune the effectively disorder and carrier density within the same sample so that the evolution of the crossing point in σxy as well as T-driven flow diagram can be used to probe the fate of the zero-energy LL in graphene-based systems. 
Sample preparation and measurements
Epitaxial graphene (EG) is formed after decomposition and Si sublimation on the surface of SiC at high temperatures. Angle-resolved photoelectron spectroscopy shows that newly-grown samples measured in situ have carrier concentrations n ≈ 10 13 cm -2 , ascribed to charge-transfer from an insulating graphene-like buffer layer that is covalently bonded to the SiC substrate. 1 In order to study the electronic transport with |n| < 10 12 cm -2 , electrostatic 2, 3 or photochemical 4 gating through an insulating dielectric, molecular doping 5 directly on the EG surface, or atomic intercalation 1, 6 beneath the buffer layer have been used to modify the carrier concentration. In order to achieve low density EG, Our EG devices were fabricated utilizing a clean lithography process 7 that leaves the surface free of resist residues.
After this fabrication process doping occurs due to or initiated by chemical etching of the protective layer and exposure to air, producing typical carrier densities of order n ≈ 10 11 cm -2 . The devices can be cycled to higher or lower carrier density repeatedly by annealing at 70 °C to 150 °C or by air exposure, implicating oxygen and water molecules from the air as the source of p-type molecular doping. 8, 9 Longitudinal resistivity ρxx was obtained by averaging the data from both sides of the S1 ]. In graphene as well as in heterostructures, low carrier concentrations are often associated with percolating current paths that mix ρxx with ρxy. Data measured at both directions of the magnetic field were combined based on the recognized symmetries of the resistivity components to eliminate this mixing [10] , which is strong in highly disordered samples for large values of ρxx. 
Weak localization and electron-electron interactions in our devices
In the weakly disordered regime, that is, the conductivity higher than e 2 /πh, weak localization (WL) and electron-electron interaction (EEI) have significant contributions to the transport at low B in disordered graphene devices and may influence 11 the observed I-QH transitions. [12] [13] [14] [15] [16] The WL term modifies ρxx without affecting ρxy. The diffusive EEI has effects on both ρxx and ρxy. To investigate the observed I-QH transition, we have isolated the EEI contribution from the WL one following Ref. [17] . The EEI correction to the Drude conductivity 17 is given by
where Kee is an interaction parameter dependent on the type of sample and τ is the scattering time. This term gives a lnT dependence to both σxx and to the Hall coefficient RH ≡ δρxy(B, T)/δB. The lnT dependence of RH is shown in Fig. S4 (a) . Fig. S4(a) , suggesting the influence of electron-electron interactions on the low-field insulating behavior. Fig. S5 ), suggesting that the transition in EG1 and EG2 represents the crossover from WL to the ν = 2 quantum Hall state. However, stronger disorder in EG3 whose low-T conductivity is lower than e 2 /πh makes the correction descriptions invalid.
Remove the corrections due to electron-electron interactions 
Weak localization
Our experimental results can be fitted to the theoretical work of McCann et al. 19 as shown in Fig. S6 (a) and (b) . We note that the WL effect contributes to a shift in σxx proportional to ln(τφ /τ), where τφ is the phase relaxation time and approximately proportional to T -1 as shown in Fig. S6 (c) ; however, WL produces no contribution to
Hall coefficient. 
